Abstract. A theoretical analysis is performed of Penning-trap experiments comparing protons and antiprotons to test CPT and Lorentz symmetry through measurements of anomalous magnetic moments and charge-tomass ratios. Possible CPT and Lorentz violations arising at a fundamental level are treated in the context of a general extension of the standard model of particle physics and its restriction to quantum electrodynamics. In a suggested experiment measuring anomaly frequencies a bound on CPT violation of 10 −23 for a relevant figure of merit is attainable. Experiments comparing cyclotron frequencies are sensitive within this theoretical framework to different kinds of Lorentz violation that preserve CPT. Constraints could be obtained on one figure of merit at 10 −24 and on another in a related experiment with H − ions and antiprotons at the level of 10 −25 .
INTRODUCTION
The standard model of particle physics is symmetric under the discrete transformation CPT [1] . A consequence of this is the equality of various experimentally measurable quantities. In particular, the charge-to-mass ratio of the proton should equal that of the antiproton, and the gyromagnetic ratios of these two particles should be equal. Experiments in Penning traps can test this symmetry to high precision. Measurements of proton and antiproton cyclotron frequencies using Penning traps allow a comparison of their charge-to-mass ratios [2] , producing the bound 
In the present work, we analyze past and future experiments on protons, antiprotons and hydrogen ions confined within a Penning trap. The theoretical framework is a CPT-and Lorentz-violating extension of the standard model [3] . Since the dominant interactions are electromagnetic, we consider the pure-fermion sector of the extension of quantum electrodynamics emerging as a limit of the general standard-model extension.
Our primary goal is to consider the sensitivity of Penning-trap experiments to possible CPT-and Lorentz-violating effects in the extension of quantum electrodynamics. We investigate the relevance of the conventional figures of merit as measures of CPT violation. In some cases, more suitable figures of merit and corresponding experiments are suggested. Estimates are also made of bounds accessible to experiments with existing technology.
THEORY
The framework for the extension of the SU(3)×SU(2)×U(1) standard model and quantum electrodynamics originates from the idea of spontaneous breaking of CPT and Lorentz symmetry in a more fundamental model such as string theory [4, 5] . The standard-model extension lies within the context of conventional quantum field theory and appears to preserve desirable features of the standard model, including gauge invariance, power-counting renormalizability, and microcausality.
At the level of the standard model, protons and antiprotons are composite particles formed as bound states of quarks and antiquarks, respectively. Possible CPT-and Lorentz-violating effects in the standard-model extension appear as perturbations involving the basic fields [3] . A distinct set of quantities is assigned to each quark flavor, and suitable combinations of these determine the CPT-and Lorentz-violating features of the proton. For our present investigation of protons and antiprotons in a Penning trap, it suffices to work within the usual effective theory in which the protons and antiprotons are regarded as basic fermions described by a four-component Dirac quantum field with dynamics governed by a minimally coupled lagrangian. Based on the quantities for the fundamental particles, we introduce effective quantities controlling possible CPT-and Lorentz-breaking effects for the proton. The lagrangian is taken to be the standard one for proton-antiproton quantum electrodynamics but extended to include possible small CPT-and Lorentz-violating terms. Further details are given in Ref. [6] .
For the Penning-trap experiments of interest, the dominant contributions to the energy spectrum arise from the interaction of the proton or antiproton with the constant magnetic field of the trap. The quadrupole electric and other fields generate smaller effects. In a perturbative calculation, the dominant corrections due to CPT-and Lorentz-violating effects can therefore be obtained by considering a constant uniform magnetic field only. Since the signals of interest are energy-level shifts rather than transition probabilities, it suffices to use relativistic Landau-level wave functions as the unperturbed basis set and to calculate within first-order perturbation theory. However, the unperturbed energy levels must be taken as the Landau levels shifted by an anomaly term and other corrections.
To lowest order in the fine-structure constant, the perturbative hamiltonianĤ p pert for a proton of mass m iŝ
where
For the antiproton, the hamiltonian can be found via charge conjugation. However, it should be taken into account that experimental procedures for replacing particles with antiparticles in Penning traps typically reverse the electric field but leave unchanged the magnetic field.
We denote the proton energy levels without CPT-and Lorentz-violating perturbations by E p n,s , where n is the principal quantum number and s is the spin. The proton cyclotron and anomaly frequencies are defined as
From the CPT theorem, these frequencies have the same values as those of the antiproton. We can calculate energy corrections in first-order perturbation theory for the CPT-and Lorentz-breaking couplings. The corrected cyclotron and anomaly frequencies can then be found. Calculations at leading order in the CPT-and Lorentz-breaking quantities, in the electromagnetic fields, and in the fine-structure constant give the results
for the modified frequencies. In these expressions, ω c and ω a are the unperturbed frequencies of Eq. (3).
ANOMALOUS MAGNETIC MOMENTS
Currently, the antiproton magnetic moment is known to a precision of 3 parts in 10 3 from experiments with exotic atoms [7] . In principle, the anomalous magnetic moments of protons and antiprotons could be measured in Penning traps. A comparison of the experimental ratios 2ω p a /ω p c and 2ωp a /ωp c would then provide a sharp test of CPT and Lorentz violation. The possibility of such experiments has received some attention in the literature [8, 9] .
The sensitivity of possible future g − 2 experiments to CPT and Lorentz violation can be investigated using the present theoretical framework. We find the proton-antiproton differences at leading order for the cyclotron and anomaly frequencies are
The leading-order signal for CPT breaking is thus an anomaly-frequency difference. Denoting the exact physical energy levels with possible CPT violation by E p n,s and Ep n,s , the corresponding figure of merit providing a well-defined measure of the violation is
where the weak-field, zero-momentum limit is understood. We find 
The estimate shows the promise held by this type of experiment to tightly bound CPT violation in a baryon system. The standard-model extension has also been applied to neutral mesons [10] and leptons [11] .
Measurements of diurnal variations in the anomaly frequency could also place bounds on a combination of couplings in the standard-model extension. An estimate of one part in 10 −21 has been made for a suitable figure of merit [6] .
CHARGE-TO-MASS RATIOS
Penning-trap experiments confining single protons and antiprotons can provide precision comparisons of their cyclotron frequencies [2] , yielding the limit |∆ω Another possible experimental signal is the occurrence of diurnal variations in the cyclotron frequencies, which could be induced by the Earth's rotation during an experiment. Such variations would arise in the present standardmodel extension from the dependence of the cyclotron frequencies on the components |c p
